Abstract. The process of selenium uptake by the cyanobacterium Arthrospira (Spirulina) platensis biomass was investigated by neutron activation analysis at different selenium concentrations in solution and contact time. Obtained experimental data showed good fit with Freundlich adsorption isotherm model with regression coefficient value 0.99. In terms of absorption dependence on time, the maximal selenium content was adsorbed in the first 5 min of interaction without significant further changes. It was also found that the Arthrospira platensis biomass forms spherical selenium nanoparticles. Biochemical analysis was used to assess the changes of spirulina biomass' main components (proteins, lipids, carbohydrates, and phycobilin) during nanoparticle formation.
Introduction
Selenium has received considerable attention in recent years because of its role as an essential micronutrient for living organisms (Chen et al. 2006; Dwivedi et al. 2011) , and its function in a number of selenium-dependent enzymes. There are many well-known examples of the latter, such as glutathione peroxidase, which catalyzes the reduction of hydrogen peroxide, and phospholipid hydroperoxides (Chen et al. 2006; Rayman 2000; Li at al. 2003; Lin and Wang 2005) .
Selenium allows the detoxification of organisms by aiding in the binding of some harmful elements (such as As, Cd, Hr, Bi) to high-molecular proteins of blood plasma, and by removing them from the organism (Mosulishvili et al. 2002) . The biological effects of selenium mainly involve the immune, reproduction, and thyroid functions (Chen et al. 2006; Rayman 2000; Li at al. 2003) . In humans, selenium has the narrowest range of any essential element between nutritional requirements and toxicity (Pearce et al. 2009 ).
Selenium supplementation using microorganisms has received much attention in the past decade (Chen et al. 2006) . At the same time, an increasing recognition of its toxicity has led to the emergence of selenium as an important environmental contaminant. Industrial selenium pollution is associated directly with a broad spectrum of anthropogenic operations, which include: mining, combustion of fossil fuels, agricultural and petrochemical industries, production of pigments, D r a f t compounds or, in some cases, the formation of well-defined nanoscale particles (Doran 1982; Antonioli et al. 2007; Dhanjal and Cameotra 2010; Bajaj et al. 2012; Tuzen and Sari 2010) .
Selenium nanoparticles ranged in size from 100 to 550 nm, with an average size of 245 nm have been synthesized using Klebsiella pneumoniae culture (Fesharaki et al. 2010 ). Zhang and coworkers (2011) reported spherical selenium particles synthesis with diameters ranging from 50 to 500 nm by Pseudomonas alcaliphila. Wang and co-workers (2010) have described a method of extracellular biosynthesis of spherical shaped selenium nanoparticles with diameters ranging from 50 to 400 nm by Bacillus subtilis. Srivastava and Mukhopadhyay (2013) 
Experiments
To study the effect of initial concentration of selenium ions on selenium uptake 100 mg of wet A. platensis biomass were resuspended in 250 ml Erlenmeyer flasks with 100 ml of sodium selenite solution, containing selenium in the concentrations range 21 -210 mg Se/L. Samples were taken from after two hours.
In the second experiment to determine the contact time required for equilibrium sorption, 100 mg of spirulina wet biomass was suspended in 100 ml of cobalt selenite solution (concentration 21 and 210 mgSe/L) in 250-mL glass flasks on a rotary shaker set at 100 rpm. The dynamics of the adsorption processes was studied over the course of 2 h. Samples were obtained after 5, 15, 30, 60, and 120 min.
In the third experiment to study the formation of selenium nanoparticles 100 mg of wet A.
platensis biomass was re-suspended in 250 ml Erlenmeyer flasks with 100 mL of 100 mg/L D r a f t aqueous cobalt selenite solution for different periods of time (24 -72 h) under constant stirring. All experiments were performed at room temperature.
After the experiments were conducted, the biomass was filtered and dried at 105 °C . The resulting samples were packed in polyethylene bags and aluminum cups for neutron activation analysis. For biochemical studies, the native biomass was used. Biomass separated from culture medium, washed with ammonium acetate and re-suspended in distillate water served as the control.
All the experiments were conducted in triplicate and the averages of the measurements for each treatment were used.
Methods

Neutron activation analysis
To determine selenium and other element content in biomass samples were irradiated at the pulsed fast reactor IBR-2 (FLNP JINR, Dubna) (Frontasyeva, 2011).
To determine short-lived isotopes: Mg and Se (first and third experiments), samples were irradiated for 3 min under a thermal neutron fluency rate of approximately 1.6×10 13 n cm -2 s -1 and measured for 15 min. Se content was determined by γ-line with the energy of 103 keV of isotope 81x Se.
In the case of long-lived isotopes: Na, K, Br, As, and Se (second experiment) the samples were irradiated for 4 days under a thermal neutron fluence rate of approximately 5×10 11 cm 2 s -1 and their activity was then measured in 4 and 20 days, respectively. The selenium content was determined by γ-line with the energy 264.6 keV of isotope 75 Se. γ-Ray spectra were measured using a large-volume high purity germanium detector with a resolution of 1.96 keV for the 1332.4-keV line of 60 Co.
The quality control of analytical measurements was provided by the certified standards -Se, 1547 (Peach leaves), 1572 (Citrus leaves), SL-1(Lake sediment), 433 (Marine sediment), and 1633c D r a f t (Coal fly ash). The NAA data processing and determination of element concentrations were performed using the software developed in FLNP JINR (Pavlov et al. 2016) .
Energy-Dispersive Analysis of X-Rays (EDAX)
Microprobe analysis of silver nanoparticles was conducted with the energy-dispersive X-ray analysis spectrometer (EDAX, USA). The acquisition time ranged from 60 to 100 s, and the accelerating voltage was 20 kV.
Biochemical analysis of biomass components
The protein content was determined according to methodology proposed by Lowry et al. (Lowry et al. 1951 ). The phycobiliproteins content was assessed by following the methodology as described
by Boussiba and Richmond (1980) and modified by Rudic and Bulimaga (1998) . Carbohydrates were determined by applying Antron reagent (Filipovich et al.1975 ) and lipids were determined spectrophotometricly using fosfovanilinic reagent (Johnson et al. 1977) . The content of aforementioned biomolecules was expressed in % of absolute dry biomass.
Determination of anti-oxidative activity
For antioxidant tests, ethanolic and water extracts were prepared. For each sample 1g of wet biomass was mixed with 10 ml ethanol or distillated water for 60 min. After filtration the samples were standardized (1 mg dry active substances in 1 ml).The extracts were kept at 0 °C. D r a f t mL of diluted ABTS+ solution was mixed with 10 µl of the test sample. After 6 min the absorbance was measured at 734 nm. All trials and measurements were performed three times.
Results and discussions
To understand the biosorption mechanism and surface characteristics of the cyanobacterium, the Freundlich (heterogeneous) isotherm model, which takes into account both physical adsorption and chemosorption, has been applied to the data. For various selenium ions concentrations (21-210 mg/l) the following dependence was obtained:
log R = 2.1+ 1.2 log C where: R is the concentration of the adsorbed selenium, С is the concentration of selenium in nutrient medium.
Linear approximation by method of least squares is shown in (Table 1) show the decrease of their content in the biomass during selenium sorption. Release of Na, Mg and K can be explained by deregulation of the sodium/potassium pump activity because of the toxic activity of selenium and by ion-exchange.
Sodium and potassium are obligate growth requirements for spirulina. During spirulinaselenium interaction (concentration 21 mg Se/L), the sodium content decreases from 10.6 mg/g to 1.8 mg/g, potassium from 18 mg/g to 13 mg/g, and magnesium from 5.4 mg/g to 0.3 mg/g. These results indicate damage of the cell membrane functions.
The same results were obtained for microelement as bromine. Bromine, in cyanobacteria cells, performs mainly a regulatory function in different metabolic processes and enters into the composition of lipids and amino acids. A decrease of Br content in biomass indicates on lysing of these components and disturbance in membrane permeability and functional activity of the cells.
The third experiment aimed at examination of the ability of A. platensis biomass to form selenium nanoparticles. NAA data (Fig. 3) show a rapid selenium uptake in the first 24 h associated In the reaction of selenite ions reduction SeO 3 2-ions serve as electron acceptors and it is assumed that NADH dehydrogenase or participants of electron transport chains may serve as electron donors (Ma et al. 2008) . Selenium is also an analogue of sulfur and may substitutes sulfur in thiols, thus altering the functions of these biomolecules (Lee et al. 1999; Debieux et al. 2011; Stolz et al. 2002) . Fig. 4 shows the EDAX spectrum of the spirulina biomass with selenium nanoparticles. In this spectrum one peak of Se was observed. The signals from C, O, P, S, Ca, and K atoms to be due to X-ray emission from the cell walls were also recorded.
To determine the degree of selenium toxicity, the changes of the main biomolecules during the nanoparticles production process were assessed. High ions toxicity leads to biomolecules degradation and oxidation. Macromolecules degradation can also takes place as a result of the fact that system in which occurs the experiment is not medium for spirulina growth and cannot maintain for long time vital processes in the cell.
Since the spirulina biomass is rich in surface proteins, which interact with the selenite ions, the protein content was reduced by 32% in the first 24 h of the reaction (Fig. 5 ), followed by a further protein reduction of 64% after 48 h. After 72 h of contact, the protein content in the biomass was 20 % of the original, with the protein reduction being 69% as compared to the control biomass.
So far the method of determining the total level of proteins is based on detecting of peptide bonds, the decrease of the protein content indicates the process of biomass lysing.
Besides protein, the decrease of phycobiliprotein content in the spirulina biomass was observed. After 24 h of contact with the selenium ions, the phycobiliprotein content in spirulina biomass decreased from 6.9% to 2.4% for phycocyanin, and from 4.5% to 2% for allophycocyanin.
A substantial reduction of phycocyanin and allophycocyanin content was also observed and at the D r a f t reaction time 48 h. The lowest phycobiliprotein content: 0.66% phycocyanin and 0.46% allophycocyanin was determined after 72 h of reaction. Towards the end of the experiment the spirulina biomass contained about 10% of the original amount of phycocyanin pigments.
Changes in the polysaccharides content in A. platensis biomass after interaction with selenite ions are shown in Fig. 5 . The obtained results show the rapid decrease of that carbohydrate content.
After 72 h of contact with the selenium ions, the content of the polysaccharide decreased by 75.6%, being 3.7% in the biomass as compared to the initial content of 15% in the biomass. The polysaccharide degradation was rapid during the first 24 h of contact. During the following 48 hours, lysing of the polysaccharide become a relatively slow process, a 15% decrease every 24 h on aveage.
Lipids, especially phospholipids, play an exclusively metabolic role. Being the basic components of cell membranes, lipid content is modified in response to the condition and alterations in the physiological state of cells. As a result of the interaction of spirulina biomass with selenium ions during 24 h, the lipid content was observed to be reduced by 23%, and then by 50% during the next 48 h. At the end of the experiment, 1.2% of the original lipid content was determined in the biomass. Selenite ions toxicity leads to the oxidation of structural and functional components of biomass into smaller molecules up to monomers, small inorganic molecules and water, and consequently biomass degradation.
The results of the antiradical and antioxidant activity in water and ethanolic extracts obtained from spirulina biomass are shown in Fig. 6 . The results of the antioxidant test obtained for spirulina biomass after the first 24 h of nanoparticles production are intruiging. Although an essential reduction of the spirulina macromolecules components, an ABTS test indicated the stability of the antioxidant activity for both types of extracts. Therefore, after the first 24 h the spirulina biomass retained the ability to participate in the reduction reactions. However, over the next 24 h of the reaction, a 37% reduction was observed in the antioxidant activity in ethanolic D r a f t extract and by 52% in water. As it was observed, water-soluble components undergone a more pronounced degradation. In the next 24 h the antioxidant activity for water extract continued to decrease by another 12%.
Conclusions
The cyanobacterium Arthrospira platensis can be applied for selenium removal from wastewaters at low concentrations, wastewater post-treatment, and can be used as a matrix for selenium-containing pharmaceuticals. The rapid selenium sorption was in the first 5 min of 
